We compared the biochemical characteristics of the beans of a naturally decaffeinated Arabica coffee (AC1) discovered in 2004 with those of the widely grown Brazilian Arabica cultivar "Mundo Novo" (MN). Although we observed differences during fruit development, the contents of amino acids, organic acids, chlorogenic acids, soluble sugars and trigonelline were similar in the ripe fruits of AC1 and MN. AC1 beans accumulated theobromine, and caffeine was almost entirely absent. Tests on the supply of [2-14 C] adenine and enzymatic analysis of theobromine synthase and caffeine synthase in the endosperm of AC1 confirmed that, as in the leaves, caffeine synthesis is blocked during the methylation of theobromine to caffeine. The quality of the final coffee beverage obtained from AC1 was similar to that of MN.
INTRODUCTION
Coffea arabica was originated in Ethiopia, and the product made from the infusion of its roasted beans spread worldwide as a refreshing drink due mostly to the alkaloid caffeine. Two Coffea species dominate the world market, C. arabica, which is known as Arabica coffee and represents approximately 70-75% of the world market, and C. canephora, or Robusta, representing nearly 25-30% of the market (Dias et al., 2007 ; see also Statistics of Coffee Trade at http://www.ico.org/ trade_statistics.asp).
For people sensitive to caffeine, drinking coffee may cause some unwanted effects, including palpitations, gastrointestinal disturbances, anxiety, tremors, increased blood pressure and insomnia (Crozier et al., 2012) . Due in large part to these symptoms, the decaffeinated coffee market has grown significantly since the establishment of the first decaffeination patents (Mazzafera et al., 2009) . Currently, the only commercially available decaffeinated beans are those that have been artificially treated using chemical processes. The drawback of chemical decaffeination methods is that, along with the removal of caffeine, there are also losses of or changes to important chemical compounds that contribute to the flavour and aroma of the beverage (Farah et al., 2006a,b; Toci et al., 2006; Abrahão et al., 2008) . In an attempt to meet the demands of customers sensitive to caffeine while maintaining the original quality of a coffee product, studies have focused on the selection and breeding of coffee trees that produce beans with a low caffeine content, which would therefore not require chemical processing methods (Mazzafera et al., 2009) .
In 1987, the Agronomic Institute of Campinas established a breeding program to reduce the caffeine content in Arabica coffee beans (Mazzafera and Carvalho, 1992; Mazzafera et al., 1997; Silvarolla et al., 1999; 2000) . As part of this program, analysis was performed on the alkaloids from C. arabica accessions from Ethiopia and maintained in the germplasm collection of the IAC (Silvarolla et al., 2000; . Among more than 3,000 trees representing 300 accessions, three plants were discovered whose beans had very low concentrations of caffeine, and these plants were named AC1, AC2 and AC3 (Silvarolla et al., 2004) . The AC1 plant was the most suitable candidate for the genetic transferral of the "no caffeine" trait to cultivars with high productivity (M.B. Silvarolla, unpublished data). The measured caffeine content of AC1 beans was 0.76 mg g -1 .
Theobromine, the immediate precursor of caffeine but which is also involved in caffeine catabolism, was found to accumulate in the leaves of this plant (Silvarolla et al., 2004; Mazzafera et al., 2009) . When AC1 leaves were incubated with [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] caffeine or [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] adenine (the latter also a precursor of caffeine), caffeine was degraded normally, but the biosynthesis of caffeine (1,3,7-trimethylxanthine) from the methylation of theobromine (3,7-dimethylxanthine) was blocked. The activity of the methyltransferase responsible for this conversion, caffeine synthase, was found to be reduced in AC1 leaves. Unfortunately, the three naturally decaffeinated plants had low productivity, a typical characteristic of wild plants that hinders largescale planting and commercialisation.
The AC1 plant has been used in breeding programs to transfer the "no caffeine" trait to commercial cultivars of C. arabica, which have high productivity. However, the available biochemical characterisations of AC1 are preliminary because they were limited to the biosynthesis of caffeine in the leaves (Silvarolla et al., 2004) . More recently, the caffeine synthase gene was analysed in AC1 fruits (Maluf et al., 2009 ). This analysis revealed some complexities of the regulation of caffeine biosynthesis, suggesting that this pathway is subject to the transcriptional control of caffeine synthase. Thus, the present study aimed to characterise the biochemistry of AC1 beans, a knowledge that is missing for this naturally decaffeinated plant.
MATERIAL AND METHODS

Plant material and sampling
We compared the AC1 (Silvarolla et al., 2004) with the "Mundo Novo" cultivar of Coffea Arabica (MN), which is commercially cultivated in Brazil and has a caffeine content between 1% and 1.2% in the beans. Both cultivars were grown in the same experimental plot at the Fazenda Santa Elisa of the Agronomic Institute of Campinas, located in Campinas, São Paulo, Brazil. The samples used in the assays were collected during 2008-2009. For the analysis of methylxanthines in different organs of the AC1 and MN plants, we collected root fragments, the first three leaf pairs (the first up to 1 cm, the second up to 5 cm and the third up to 8 cm) and internode samples (the first, third and fifth internodes). The roots were collected by digging around the plants and harvesting the secondary and tertiary roots at a depth of 30 cm. Prior to their analysis, the roots were washed with running water.
Flowers and fruits were also collected for analyses. Fruits were collected at eight different phenological stages, from fruit at a very young stage ("pinhead" stage) to fruit that were fully developed and mature ("cherry" stage). At each stage, the fruits were cut in half; the pericarp, perisperm and endosperm were separated using a scalpel; and the fresh and dried weights of the respective tissues were determined. During this procedure, the tissues were kept on ice and further lyophilised in liquid nitrogen. The dry weight was determined using the lyophilised material. The contents of methylxanthine alkaloids, trigonelline, soluble sugars, amino acids, organic acids, chlorogenic acids and free phenols were determined from extracts obtained from the endosperm. The qualitative analysis of amino acid content was only performed for the last fruit samples collected.
Green fruits (with a liquid endosperm occupying the entire locule) were collected from AC1 and MN plants for activity analysis of theobromine synthase (the methylation of 7-methylxanthine to 3,7-dimethylxanthine, E.C. 2.1.1.159) and caffeine synthase (the methylation of 3,7-dimethylxanthine to 1,3,7-trimethylxanthine, E.C.2.1.1.160). Immediately after fruit collection, the endosperms were separated and placed in liquid nitrogen and maintained at -80 ºC until further analysis. Green fruits at the same stage of development were used in the radioactive tracer experiments with [2-14 C] adenine. ) were obtained from GE Healthcare, UK.
Radiochemicals
Analysis
The lyophilised tissues were macerated with a mortar and pestle, and the extractions were performed using 100 mg of tissue in 5 mL of methanol (70%). The extraction mixture was maintained in a water bath at 50 ºC for 1 h with occasional stirring. After centrifugation, the extracts were recovered and stored at -40 ºC. These extracts were used for all of the biochemical analyses, except for the analysis of organic acids, which utilised 100 mg of tissue in 5 mL of 4 mM H 2 SO 4 containing 5 mM dithiothreitol. The samples were stirred on ice for 1 h, and the extracts were centrifuged at 14,000 rpm for 10 min and stored in a freezer at -40 ºC until they were used for HPLC analysis.
The analysis of caffeine, theobromine, trigonelline and chlorogenic acids was performed using a Shimadzu HPLC system operating with a diode detector and a C18 reverse phase column (4.6 mm x 250 mm, 5 µm particles, ACE). The mobile phases used were 0.5% acetic acid (A) and methanol (B), and the gradient used was as follows: 0-5 min at 0 to 5% B, 5-30 min at 50 to 70% B, 30-32 min at 70 to 100% B, 32-34 min at 100 to 0% B and 34-44 min maintained at 0% B. The flow was 0.8 mL min -1 . Caffeine, theobromine and trigonelline were detected at 272 nm, and chlorogenic acids were detected at 313 nm. The injection volume was 10 µL of sample extract. The concentrations were calculated using calibration curves obtained from pure standards (Sigma). Chlorogenic acids were identified from absorption spectra obtained from the diode detector between 190 nm and 350 nm, and the concentration was calculated relative to a calibration curve obtained from the 5-caffeoylquinic acid isomer (Sigma), which is the most abundant chlorogenic acid isomer in coffee (Farah and Donangelo, 2006) .
Glucose, fructose and sucrose were analysed using the Shimadzu HPLC system (with peak tubing) and operating with electrochemical detector at 400 mV, a Dionex CarboPac PA1 (4 mm x 50 mm) pre-column and a Dionex CarboPac PA1 column (4 mm x 250 mm). The mobile phase was 40 mM NaOH and a 15 min run was used for each sample. The flow rate was 1.2 mL min -1 . Sugar concentrations were calculated using calibration curves derived from pure standards (Sigma).
The qualitative analysis of amino acids was performed using the Shimadzu HPLC system equipped with a manual Rheodyne injector and a fluorescence detector operating at 250 nm (excitation) and 480 nm (emission). The amino acids were separated in a C18 reverse phase column (4 mm x 250 mm, 5 µm, Supelco LC-18). The mobile phases used were as follows: (A) 50 mM sodium acetate, 50 mM Na 2 HPO 4 , pH 7.25 adjusted with HCl, containing 0.2% tetrahydrofuran and 0.2% methanol and (B) a mixture containing 65% methanol and 35% water (Jarret et al., 1986) . The following gradient was used: 0-21 min at 25 to 46% B, 21-26 min at 46 to 48% B, 26-35 min at 48 to 60% B, 35-45 min at 60 to 70% B, 45-49 min at 70 to 100% B, 49-64 min maintained at 100% B and 64-65 min at 100 to 25% B. The flow rate was 0.8 mL min -1 . Derivatization of the samples was carried out with o-phthalaldehyde (Jarret et al., 1986) . The amino acid concentrations were calculated using a mixture of 18 amino acids (AAS-18, Sigma) plus glutamine and asparagine (Sigma) as the reference standard.
The analysis of organic acids was performed using the Shimadzu HPLC system equipped with a Rheodyne injector and a diode detector operating at 210 nm. The substances were separated in an Aminex HPX-87H column (Bio-Rad). Fifteen microlitres of sample was applied at a flow rate of 0.6 mL min -1 . The mobile phase was 4 mM H 2 SO 4 , and the isocratic run lasted 30 min. Concentrations were calculated using pure reference standards of oxalic, malic, citric and succinic acids (Sigma).
From the ethanolic extracts, the total free amino acid content of these extracts was determined using the ninhydrin reagent (Cocking and Yemm, 1954) .
Activity of caffeine synthase and theobromine synthase
The endosperms stored at -80 °C were macerated in liquid nitrogen using a mortar and pestle, and 1 g of tissue was combined with 5 mL of 200 mM Na 2 HPO 4 buffer, 5 mM EDTA, 10 mM 2ß-mercaptoethanol, 1.5% ascorbic acid and 4% polyvinylpolypyrrolidone (Kato et al., 1996) . After homogenisation, the extract was maintained on ice for 15 min with occasional agitation and then centrifuged for 15 min at 30,000 g (4 ºC). The supernatant was recovered, saturated to 80% with (NH 4 ) 2 SO 4 and then centrifuged for 15 min at 30,000 g (4 ºC). The recovered precipitate was dissolved in 200 mM Na 2 HPO 4 buffer and desalted in a PD10-Sephadex G25 column (Amersham), using the 50 mM Na 2 HPO 4 buffer for protein elution. The protein concentrations in the desalted extracts were determined using a "ready-to-use" reagent from Bio-Rad (Bradford, 1976) . The substrates used were 7-methylxanthine for the determination of theobromine synthase activity and paraxanthine for caffeine synthase activity. In a 1.5 mL Eppendorf tube, the following were combined: 0.11 µCi of [ 3 H]-S-adenosyl methionine, 100 µg of protein and 10 µL of substrate at 3.5 mM. The final volume was adjusted to 200 µL with 50 mM Na 2 HPO 4 buffer. The reaction was incubated at 28 ºC for 30 min and stopped with 100 µL of 6 N HCl. One millilitre of chloroform was added to the reactions containing the paraxanthine substrate, and 1 mL of a chloroform:isopropyl alcohol (17:3, v/v) mixture was added to the reactions containing the 7-methylxanthine substrate (Mazzafera et al., 1994b) . The Eppendorf tubes were vortexed for 30 s, and the organic fraction was collected and transferred to scintillation vials, and then dried using flowing air in a fume hood. Scintillation liquid (5 mL) was added to the dried contents, and the amount of radioactivity incorporated into the theobromine or caffeine was determined in a scintillation counter for the ) and incubated in a 50 ºC water bath for 1 h. The extracts were centrifuged for 10 min at 12,000 g, and 500 µL was dried in a Speed-Vac (Savant). The dried samples were dissolved in 30 µL of water, constantly stirred for 1 h and subjected to thin layer chromatography on silica sheets GF 254 (Merck). A 10 µL volume of an aqueous solution containing 5 µg of caffeine, 5 µg of theobromine and 5 µg of theophylline was applied on to the sample spots. The chromatography was developed with a chloroform:methanol mixture (9:1, v/v), and after drying, the spots were visualised under UV light (254 nm) and circled with a pencil. The reference values (Rf values) for caffeine, theobromine and theophylline were 0.51, 0.41 and 0.37, respectively. Spots visualized under UV light were scraped from the plate with a spatula and transferred to scintillation tubes, and 1 mL of methanol and 5 mL of scintillation liquid were added to each tube. Radioactivity was determined with a scintillation counter for the 14 C isotope for 2 min.
Statistical analysis:
Three replicates were performed for all biochemical measurements. The activity of theobromine synthase and caffeine synthase was estimated from five replicates. Analysis of variance and post-hoc comparison of means (Tukey's test, p≤0.05) were performed using the statistical analysis program SISVAR (Ferreira, 2000) . For the analysis of the metabolism of [2-
14 C] adenine and [2-14 C] caffeine, extracts from five replicates were used.
RESULTS
Fruit development
Although some differences were observed, the fruits of AC1 and MN showed similar patterns of development (Figure 1) . However, the mass of AC1 fruit was always lower than those of MN, and the smaller size of these fruits was also observed visually.
Methylxanthines in different plant organs
An analysis of the caffeine content during AC1 and MN endosperm development showed that AC1 had a higher total (caffeine + theobromine) alkaloid content (Figure 2) . However, the AC1 theobromine levels were always similar to the caffeine levels found in MN. The final concentration of caffeine in MN was 8.59±0.17 mg g Methylxanthines were not detected in the roots of either plant. In MN flowers, the caffeine content was 1.06±0.11 mg g -1 , and in AC1 flowers, the caffeine content was 1.04±0.03 mg g -1 . In both MN and AC1, the methylxanthine levels decreased with leaf maturity (Figure 2 ). Caffeine and theobromine were detected in MN leaves, but in AC1 leaves, only theobromine was detected.
In MN, theobromine was detected only in the first internode; in contrast, this methylxanthine was present in the first, third and fifth internodes of AC1 plants. Caffeine was present in the three internodes analysed in MN, but it was not detected in any of the AC1 internodes. It was also observed that the caffeine and theobromine contents decreased sharply from the first to the third internodes in both plants.
Sugars
In the young endosperm, which did not fully occupy the locule and had a milky appearance, there were higher levels of reducing sugars (glucose and fructose) compared with sucrose (Figure 3a,b) . As the fruits ripened, the sucrose content increased, and the reducing sugar levels decreased. In ripe fruits, the sucrose content was 37.07±5.06 mg g -1 and 66.2±7.4 mg g -1 for AC1 and MN, respectively.
Organic acids
Oxalic, citric, malic and succinic acids were observed in MN and AC1 endosperms at different stages of fruit development (Figure 3c,d) . In MN, citric acid was present at higher levels than the other acids at all development stages; this was not the case in AC1. Nevertheless, citric acid was the organic acid with the highest concentration in mature AC1 endosperms. Quantitative differences in the contents of oxalic, succinic and malic acid were observed in MN, and these acids were present at similar levels in AC1. ). The profile of amino acids obtained from the endosperms of mature fruits showed that asparagine, glutamate, aspartate and alanine were the most abundant amino acids in both MN and AC1 (Table 1) . In this order, MN and AC1, asparagine was present at 28.69 mol% and 33.61 mol%; glutamate at 27.38 mol% and 22.45 mol%; alanine at 14.76 mol% and 7.28 mol%; and aspartate at 9.50 mol% and 12.90 mol%. Glycine and threonine were detected at levels less than 0.1% in AC1, which was almost 10 times less than the levels in MN.
Phenolic compounds
In the endosperms 5-caffeoylquinic acid (5CQA) was the predominant chlorogenic acid (CGA) in both MN and AC1 (Figure 3e) , and the levels varied throughout fruit development. AC1 always had greater amounts of 5CQA, with the greatest difference observed approximately 162 days after flowering. When the beans were fully developed, the levels of 5CQA were similar between AC1 and MN. Seven other CGAs were detected based on the UV absorption spectra obtained in the HPLC detector diode, and the chromatographic profile of the CGAs (not shown) was very similar to that reported by Clifford et al. (2008) . It was not possible to identify these acids due to a lack of standards, but based on quantifications made relative to 5CQA (Table 2) , these other CGAs were present at higher levels in MN.
Trigonelline
The amount of trigonelline found in the endosperm of immature AC1 fruits was greater than that observed in MN (Figure 3f ). However, this difference decreased as the fruits ripened. When the fruits were fully developed, the quantities found in the two plants were similar, approximately 11 mg g -1 in the endosperm.
Activity of theobromine and caffeine synthase
The activities of both theobromine synthase and caffeine synthase were higher in the endosperm of MN than in AC1 (Table 3) . Theobromine synthase activity in AC1 was approximately half of that observed in MN, while the C] adenine to AC1 fruits revealed that theobromine was the main methylxanthine labelled with radioactivity (Table 4) ; after 24 h of incubation, we detected 60 times more radioactivity in theobromine than in caffeine. Contrary to what was observed in the decaffeinated plants, radioactivity accumulated mainly in caffeine in the MN endosperm fed with [2-
14 C] adenine, although there was also a small amount of radioactivity present in theobromine. When [2-14 C] caffeine was administered, radioactivity was detected in theophylline, which appears only in the catabolism of caffeine. Radioactivity was also detected in theobromine, which is both a precursor and a degradation product of caffeine.
DISCUSSION
Although mature AC1 fruits were smaller than mature MN fruits, the pattern of AC1 fruit development was similar to that of MN fruits. During coffee fruit development, the perisperm is substituted by the endosperm (Mendes, 1941; DeCastro and Marraccini, 2006) , which pattern was similar in both MN and AC1. However, closer inspection of our data suggests that the AC1 fruits developed earlier than the MN fruits. We observed that the replacement of the perisperm by the endosperm occurred more rapidly in AC1. At 100 days after flowering (DAF), the fresh and dry weights of AC1 endosperms were considerably greater than those of MN endosperms. On the other hand, the ripe fruits of MN were larger, with greater values for both the fresh and dry weights. This difference may be considered a disadvantage for AC1 because fruit size is one of the desired physical attributes in quality coffees. However, necessarily this is not related with the beverage quality. For example, the varieties Mokka and Laurina (Krug et al., 1954) , which have small beans, produce coffee of excellent quality, and the small beans are accepted as intrinsic characteristics. Analysis of the beverage produced from the beans of AC1 indicated that the quality is good, having obtained the classification of "exotic" in the sensory characterisation (G.S. Giomo, IAC, personal communication). Because the size of the beans, AC1 demands special care for certain aspects of post-harvest processing, as well as roasting time and grinding when particle size and appearance of the final product is defined.
The analysis in the present study showed that no methylxanthines were detected in the roots of MN or AC1 what confirms findings previously reported for C. arabica seedlings (Zheng and Ashihara, 2004) .
In both AC1 and MN, we observed a reduction in the leaf caffeine content with increased leaf age, which was previously observed in adult C. arabica plants (Hamidi and Wanner, 1964) . We also found that younger internodes had greater amounts of methylxanthines in both MN and AC1, with a greater amount of caffeine in MN than in AC1. The endosperm of young MN fruits had higher caffeine content than the endosperm of ripe fruits; the same pattern was observed for theobromine in AC1 fruits. Both methylxanthines, caffeine and theobromine, exhibited the same distribution patterns when comparing young and old tissues or mature and immature endosperms in AC1 and MN. These patterns were previously observed for the caffeine content in leaves (Ashihara et al., 1996a,b) , fruit (Koshiro et al., 2006) and branches (Zheng and Ashihara, 2004) .
Interestingly, we observed that MN and AC1 flowers had similar quantities of caffeine. In C. Arabica flowers during the anthesis stage, caffeine is the most abundant purine alkaloid, with 0.58 mg g -1 in the petals and gynoecium and 1.36 mg g -1 in the stamens (Baumann, 2006) . The predominance of theobromine over caffeine was detected in all of the AC1 tissues analysed. Additionally, AC1 leaves incubated with [2-14 C] adenine accumulated radioactivity in theobromine, not caffeine, similar to previous observations in leaves (Silvarolla et al., 2004) . These findings provide evidence that the blockade of caffeine biosynthesis occurs at the step when theobromine is methylated to form caffeine.
AC1 beans have significantly lower amounts of caffeine than any wild or cultivated C. arabica tissues investigated thus far (Mazzafera et al., 2009 ). New hybrids developed in Madagascar, from crosses between C. arabica, C. canephora and C. eugenioides, had 0.37% caffeine and undetectable levels of theobromine; however, insufficient data regarding production were presented to support the commercial viability of these hybrids (Nagai et al., 2008) .
Quantitative PCR analyses showed that the expression of genes coding for theobromine synthase (CTS2) and caffeine synthase (CCS1) were significantly reduced in the decaffeinated cultivar AC1 in comparison with a caffeinated coffee variety (Maluf et al., 2009 ). These results are not consistent with our results for the enzymatic activities, where caffeine synthase activity was almost absent and there was a partial reduction of theobromine synthase activity. A possible explanation for the reduced enzymatic conversion of 7-methylxanthine to theobromine is that caffeine synthase is a bi-functional enzyme, also mediating the biosynthesis of theobromine from 7-methylxanthine (Mizuno et al., 2003) . Then, the reduction of theobromine synthase activity was in part because the lack of expression of caffeine synthase gene. The gene expression results are not supported also by the results of [2-14 C] adenine feeding assays carried out with fruits (this work) and with leaves of AC1 (Silvarolla et al., 2004) , which showed that the blockade in the caffeine synthesis occurs between theobromine and caffeine. The significant reduction of theobromine synthase expression in AC1 (Maluf et al., 2009 ) might be explained by the fact that the three methyltransferases of caffeine biosynthesis pathway in coffee share high sequence similarity (Mizuno et al., 2003; Kato and Mizuno, 2004; Yoneyama et al., 2006; Ashihara et al., 2008) , what may have resulted in a lack of specificity in the primers used in the expression analysis in AC1 (Maluf et al., 2009) .
The pattern of accumulation of soluble sugars in AC1 and MN was similar to that observed in C. arabica cv. Caturra (Rogers et al., 1999) . We observed high glucose and fructose contents in the endosperm of young fruits, which decreased with ripening, while the reverse was observed for the sucrose content. Although the accumulation patterns were the same in AC1 and MN, quantitative differences were observed primarily for the sucrose content. In MN, the sucrose content in the mature endosperm reached 61 mg g -1 , while in AC1, the levels were much lower (37 mg g -1 ). Although sucrose is an important compound that affects the quality of the final beverage product (Geromel et al., 2006; , quantitative differences in the levels of this sugar are frequently observed between different C. arabica cultivars. Previous studies have shown that the sucrose content varies from 46 to 150 mg g -1 in mature beans (Clifford, 1985a; Rogers et al., 1999; Ky et al., 2001; Campa et al., 2004; Farah et al., 2006a; Murkovic and Derler, 2006) . In addition to the intrinsic characteristics of each plant and/or cultivar, one possible explanation for the variation in sucrose levels in these studies is the exact stage of ripeness when the beans were collected. Although the red colour of the fruit may be indicative of maturation, varying intensities of red colouration may reflect biochemical differences, such as those observed in fruits collected from shaded plants .
The main criticism of decaffeination methods is the removal of other substances that are important for the development of the product and the quality of the final beverage. Toci et al. (2006) reported that whole C. arabica beans had a sucrose concentration of 96.5 mg g -1 and that the concentration dropped to 38.5 mg g -1 after decaffeination with dichloromethane. Thus, the concentration of sucrose found in AC1 coffee beans requires further investigation. Although the sucrose concentration observed in the present study is within the concentration range found in different reports on coffee beans, it will be important to evaluate, over a period of several years, the sucrose content in AC1 plants grown in different coffee regions and subject to different environmental and cultivation influences.
The alkaloid trigonelline, which is largely degraded during the process of roasting coffee, gives rise to compounds that contribute to the aroma and flavour of the coffee beverage (Carvalho, 1962; Ashihara, 2006) . Our results showed that in both studied genotypes, green fruits that had already developed the endosperm showed an accumulation of trigonelline similar to the levels found in mature beans. The levels of trigonelline observed in AC1 and MN are similar to the levels previously reported for different C. arabica cultivars (Ky et al., 2001; Campa et al., 2004; Farah et al., 2006a; Koshiro et al., 2006) .
In both AC1 and MN plants, citric acid was the organic acid present at the highest concentration in the endosperm of ripe fruit, with the highest content observed in MN. Although the concentration of citric acid in MN remained relatively constant during development, the concentration of citric acid increased in maturing AC1 plants. The same pattern of increased citric acid content was also observed in two varieties of C. arabica (Caturra commercial and Caturra 2308); at full maturity, the citric acid content in the beans of these varieties was approximately 15 mg g -1 (Rogers et al., 1999) , a value similar to that observed in AC1. Alcázar et al. (Alcázar et al., 2003) also reported that citric acid was the most abundant organic acid in a variety of C. arabica varieties. In the present study, the accumulation of malic acid was also found to vary during the development of the endosperm in MN and AC1. In the Caturra varieties studied by Rogers et al. (1999) , malic acid was found to be the second most abundant organic acid in beans, with a content between 4 and 5 mg g -1 . Similarly, Alcázar et al. (2003) reported a malic acid content of 4.14 mg/g. In the present study, the malic acid content in AC1 was similar to these previously reported values, and malic acid was the second most abundant acid in this tissue. In MN, we observed lower malic acid levels than the levels observed in other varieties of C. arabica. The endosperm of the Caturra variety exhibited intermediate oxalate levels compared to the levels observed in AC1 and MN (Rogers et al., 1999) .
In both MN and in AC1, the three most abundant amino acids were asparagine, aspartate and glutamate, a finding that is consistent with previous work (Clifford, 1985a) . Despite this qualitative similarity, MN had significantly greater total free amino acid content than AC1. These three amino acids have also been observed at high concentrations in other C. arabica plants. In unroasted beans of Brazilian C. arabica cv. Typica, the most abundant amino acids were glutamate, aspartate and GABA (Casal et al., 2005) . The observed differences in the levels of amino acids may be due to post-harvest processing (Arnold and Ludwig, 1996; DeCastro and Marraccini, 2006) .
Although the levels of 5CQA were similar in the tissues studied, MN had a higher total amount of CGAs than AC1. Clifford (Clifford, 1985b) listed the contents of CGAs in Arabica coffee reported by several authors, which varied between 40.7 and 84.0 mg g -1
, and concluded that in part the variation was a consequence of the analytical method used. Samples of C. arabica from different sources had 5CQA as the major isomer, with the concentrations ranging from 3.44 to 56.1 mg g -1 and with an average concentration of 47.9 mg g -1 . The total concentration of several other CGA isomers was 65.7 mg g -1 , with values ranging from 55.2 to 75.5 mg g -1 . Therefore, CGA concentrations differ greatly among different coffee varieties, and the results available in the literature depend on the analysis method used (Clifford, 1985b) . In the present study, however, the differences between MN and AC1 were not quantitatively large, and the same CGAs were detected in both genotypes.
Assessments of CGA content during C. arabica fruit development indicated that the overall content increases with maturity, with a peak occurring four weeks before full maturity (Clifford, 1985b) . Our analysis did not match this level of detail, but approximately 30 days before harvest, CGA levels were close to the maximum and decreased thereafter.
The maintenance of similar levels of CGAs in AC1 and MN is important because these compounds contribute to the quality of the final beverage (Farah and Donangelo, 2006) . Larger quantities of caffeoylquinic and feruloylquinic acid isomers are associated with reduced coffee quality, while larger quantities of dicaffeoylquinic acid are related to improved beverage quality (Farah et al., 2006b ). The artificial decaffeination processes, including water decaffeination (Farah et al., 2006b ) and dichloromethane decaffeination (Farah et al., 2006b; Toci et al., 2006) , affect the amount and proportion of CGAs in Arabica coffee. In this regard, the AC1 cultivar has the advantage of maintaining these compounds at levels similar to those found in commonly consumed and appreciated coffees.
CONCLUSION
In light of consumer interest in a caffeine-free product that maintains the characteristics of a good quality coffee, AC1 has great potential to satisfy this consumer demand. Despite some differences described in the present study, the beans of AC1 and MN have a similar chemical composition, and the latter is a commercially exploited variety that is widely consumed as a good quality coffee. Some of the observed differences may result not only from the genetic backgrounds of the plants but also from environmental and cultivation factors, as previously demonstrated by reports on the chemical composition of coffee beans (Clifford, 1985a) . Another advantage of AC1 coffee pertains to the fact that decaffeination with dichloromethane can leave solvent residues in decaffeinated products (Cohen et al., 1980; Page and Charbonneau, 1984) . Although the levels of these solvent residues are not considered harmful (Mazzafera and Carvalho, 1991) , the consumer may prefer not to consume such a product.
